Abstract To ensure that the
Introduction
Centrosomes are the main microtubule organizing centers in animal cells. They consist of two centrioles, positioned orthogonally to each other, and pericentriolar material, which acts as a microtubule nucleation site in interphase and in mitosis. During interphase, centrosomes organize the microtubular cytoskeletal network, while in quiescent cells, one of the two centrioles (the mature mother centriole) docks onto the plasma membrane as a basal body, to nucleate the formation of the primary cilium. Centrosomes duplicate during S phase of the cell cycle while during mitosis, the two centrosomes form the poles of the mitotic spindle, choreographing chromosomal movement to accomplish sister chromatid segregation to the two daughter cells.
The centriole duplication cycle in proliferating cells must be tightly regulated and coordinated with the chromosome cycle, to ensure that chromosomes are fully replicated and sister chromatids segregate accurately to the daughter cells in each cell cycle. Defects in the centrosome cycle, the chromosome cycle, or their coordination will lead to inaccurate segregation of chromosomes during cell division, causing genomic instability. The same key steps-licensing, duplication, and segregation-control both cycles and safeguard genome integrity (Fig. 1) .
The spatiotemporal regulation of the chromosome cycle in eukaryotic cells is well defined (reviewed in Fragkos et al. 2015 , Siddiqui et al. 2013 , and Symeonidou et al. 2012 . DNA replication initiates from thousands of origins during the S phase of the cell cycle. Each part of the genome must be replicated once and only once before segregation of the sister chromatids to the daughter cells during mitosis. This is accomplished through a two-step process: from late mitosis and in the G1 phase, origins are licensed for a new round of replication. Licensing consists of the loading onto origin DNA of the six-subunit replicative helicase (MCM2-7), in an inactive form. Cdc6 and Cdt1 interact with the origin-bound origin recognition complex (ORC) and ensure timely MCM2-7 loading, licensing DNA for a new round of replication. As cells enter into S phase, phosphorylations by cyclindependent kinases (CDKs) and the Dbf4-dependent kinase (DDK) lead to activation of the MCM2-7 helicases. This is brought about by recruitment of several initiation factors, including Cdc45 and GINS, which activate the MCM complex to act as a helicase, leading to origin firing. The MCM complex moves away from the origins with replication forks, while re-licensing of origins is inhibited during S and G2 phases by multiple pathways. Central among these is the regulation of the licensing factor Cdt1, which is targeted for proteolysis by CDK-dependent and CDK-independent pathways and inhibited by the small protein Geminin. Reduplication of the genome is therefore blocked, until sister chromatids segregate to daughter cells during mitosis, CDK activity drops, and the cell cycle resets to a new G1 phase. DNA licensing, duplication, and segregation are precisely controlled to ensure that daughter cells inherit an accurate copy of the genome at every cell division.
The centrosome cycle is linked with the chromosome cycle and distinct events take place as the cell cycle Fig. 1 The chromosome and the centrosome cycles are coordinated. Common key steps (licensing, duplication, and segregation) control the chromosome and centrosome cycles and ensure their coordination. From late mitosis and during G1 phase, origins throughout the genome and centrioles are licensed for a new round of duplication. Genome and centrosome duplication take place during S phase, whereas block to reduplication in S and G2 phases ensures that genome and centrosome duplication take place once and only once per cell cycle. After mitosis, each daughter cell inherits a single full complement of the genome and one centrosome, composed of two centrioles (mother and daughter). In quiescent cells, the mature mother centriole docks onto the plasma membrane acting as basal body for the formation of the primary cilium, which will be reabsorbed when cells reenter the cell cycle progresses: licensing, duplication, and segregation ensure that each daughter cell inherits one and only one centrosome, similar to the chromosome cycle (reviewed in FiratKaralar and Stearns 2014 , Fu et al. 2015 , Gonczy 2012 , and Nigg and Stearns 2011 . Upon exit from M phase and during early G1 phase, the two centrioles that compose the centrosome are disengaged, thus losing their orthogonally arranged structure, and a new linker is established between them. Centriole disengagement licenses centriole duplication, ensuring that centrioles are duplicated only once during the same cell cycle, similar to the copy number control occurring in the DNA replication cycle. During S phase, one new centriole is generated orthogonally next to each parental centriole, through a canonical mother centriole-dependent pathway (canonical CD pathway). The new procentrioles are elongated during G2 phase while mother centrioles mature. The two mother centrioles are separated and positioned at opposite poles of the mitotic spindle during mitosis, ensuring accurate chromosome segregation. Each daughter cell inherits a single centrosome, consisting of one mother and one daughter centriole. Each mother-daughter pair will disengage in G1, licensing a new round of centrosome duplication. Similar to the chromosome cycle, levels of CDK activity govern licensing, duplication, and segregation in the centrosome cycle (Fu et al. 2015) . In many cell types, when cells exit the cell cycle, the mature mother centriole anchors at the cell membrane as a basal body, nucleating the formation of a primary cilium, a sensory antenna which is reabsorbed for a subsequent cell cycle.
Aberrations in both genome content and centrosome numbers lead to genomic instability and have been linked to developmental defects and tumorigenesis. Genome over or under replication can lead to loss or gain of genetic material and chromosomal abnormalities. Multipolar spindles are a common cause of chromosome misegregation during mitosis, leading to aneuploidy. These aberrations however can also be part of the normal life cycle of specific cell types (Fig. 2) . Variations in the DNA replication cycle have been observed, either by repetitive DNA duplication cycles in which S-G cycles occur without cell division (endocycle; Fig. 2a ), or by repeated firing of origins at specific loci (rereplication; Fig. 2b ) (Claycomb and Orr-Weaver 2005; Lee et al. 2009; Zielke et al. 2013) . These mechanisms that result in polyploidy or locally increased genome copies, respectively, take place at defined developmental stages in the life cycle of protozoa, insects, plants, and mammals, to produce terminally differentiated cells that remain physiologically active for long periods of time (Nordman and Orr-Weaver 2012; Ullah et al. 2009 ). The generation of polytene chromosomes in Drosophila larvae is the best studied example of endocycles leading to a high ploidy. The developmentally regulated amplification of specific genes coding structural proteins of the chorion in the follicle cells of Drosophila constitutes the most typical example of rereplication, where over-amplification fulfills specific needs of the follicle cells through an increase in gene expression. In humans, trophoblast giant cells of the placenta and megakaryocytes are characteristic examples of highly polyploid cells. However, the mechanisms through which cells switch from a normal cycle to programmed genome reduplication remain largely unresolved.
Multiciliated cells best exemplify the deviation from a normal centriole cycle (reviewed in Spassky and Meunier 2017) . Multiciliated cells exit the cell cycle and generate hundreds of centrioles per cell, breaking the spatial and temporal rules that govern once-per-cell-cycle centriole duplication (Fig. 2c) . The nascent centrioles dock at the apical surface of the cell and act as basal bodies for the formation of hundreds of motile cilia. Cilia beat in a coordinated fashion to drive directional fluid flow across epithelia and ensure mucus clearance in the airway epithelium, movement of the cerebrospinal fluid in the brain ventricles, or transportation of the eggs in the female reproductive tract (Meunier and Azimzadeh 2016) . The factors which bring about this developmental switch and how they cross-talk with the cell machinery controlling centriole duplication during the cell cycle are still poorly characterized.
Recent studies highlighted the Geminin superfamily as a group of proteins that control both the cell cycle and differentiation decisions in cells. The Geminin superfamily consists of three members, identified in vertebrates: Geminin (gene name GMNN (McGarry and Kirschner 1998; Kroll et al. 1998) ), McIdas (gene name MCIDAS; protein synonyms Idas (Pefani et al. 2011 ) and multicilin (Stubbs et al. 2012) ), and GemC1 (gene name GMNC (Balestrini et al. 2010) ; protein synonym Lynkeas (Kyrousi et al. 2015) ). All three family members were initially characterized for their role in DNA replication control. However, a number of recent studies identified Geminin family members, and especially GemC1 and McIdas, as master regulators of the differentiation of multiciliated cells, which are required for centriole amplification.
In this review, we will first introduce the pathways controlling centriole biogenesis in cycling cells and how the generation of multiple centrioles is established during the differentiation of multiciliated cells. We will present the members of the Geminin family, their structural features, and their described roles in DNA replication. We will then focus on a selection of recent papers highlighting the role of Geminin family members in multiciliogenesis. Finally, we will present human diseases linked to the centrosome and chromosome cycles and discuss disease phenotypes related to defects in Geminin family members.
Centriole number control: one vs many
Once-per-cell-cycle centriole duplication in cycling cells Studies in the nematode Caenorhabditis elegans identified five proteins, a kinase termed ZYG-1 and four coiled-coil proteins, named SPD-2, SAS-4, SAS-5, and SAS-6, as critical for centriole duplication (Brito et al. 2012; Gonczy 2012; Nigg and Stearns 2011) . All of these centriole duplication factors show clear evolutionary conservation in other species. In cycling mammalian cells during S phase, a canonical centriole duplication cycle takes place (canonical CD pathway). Cep63 along with Cep152 is co-localized around the proximal end of the mother centriole and forms a ring-shaped complex (Sir et al. 2011 ). This complex is recruited to the centrosome downstream of Cep192, which is the SPD-2 orthologue and functions first in the core centriole duplication machinery (Brown et al. 2013) . The subsequent recruitment of the kinase PLK4 (a ZYG-1 orthologue), STIL (a SAS-5 orthologue), SAS-6, and CENP-J (a SAS-4 orthologue, synonym CPAP) leads to formation of a cartwheel which directs microtubule assembly (Arquint and Nigg 2016; Strnad and Gonczy 2008) . PLK4 is initially localized around the parental centrioles in a ring-like structure. The centriolar loading of STIL and SAS-6 modifies the localization of PLK4 into a dot-like structure, marking the site of assembly of a single procentriole (Dzhindzhev et al. 2014; Ohta et al. 2014) .
The correct number of centrioles is important for cells, so that a G1 centrosome is composed of two centrioles, one mother and one daughter. The tight control of the expression levels and the interactions of PLK4, STIL, and SAS-6, which initiate centriole duplication, have been proposed as Fig. 2 Aberrations in genome content and centrosome numbers are part of the normal life cycle of specific cell types. a Endocycle. Multiple rounds of DNA replication (S-G cycles) without cell division lead to polyploidy. b Rereplication. Continuous replication at specific genomic loci due to repeated firing of origins leads to local genome amplification. c Multiciliogenesis. The normal centrosome cycle is abrogated and centriole amplification leads to multiple centriole formation. This is accomplished both through a centriole-dependent pathway, in which multiple centrioles are formed around a mother centriole, and the deuterosome-dependent pathway, in which centrioles can be amplified de novo, around electron-dense aggregates called deuterosomes. Centrioles dock at the apical surface of the cell, acting as basal body for the formation of multiple motile cilia predominant mechanisms for the regulation of centriole copy number, to avoid reduplication in the same cell cycle (Arquint et al. 2015; Kratz et al. 2015; Moyer et al. 2015; Ohta et al. 2014) . STIL and SAS-6 are degraded in late M and early G1 phase by the anaphase-promoting complex/cyclosome associated with Cdh1 (APC/C Cdh1 ), which functions from late mitosis until S phase onset (Arquint and Nigg 2014; Arquint et al. 2012; Strnad et al. 2007 ). This is likely to prevent untimely initiation of centriole formation until the G1/S phase transition, when APC/C Cdh1 is inactivated. Of utmost importance is the tight spatiotemporal regulation of PLK4 levels at the proximal end of the mother centriole through autoregulatory mechanisms, including auto-phosphorylation and SCF-βTrCP ubiquitin-dependent degradation (CunhaFerreira et al. 2013; Cunha-Ferreira et al. 2009; Guderian et al. 2010; Holland et al. 2012; Holland et al. 2010; Lopes et al. 2015; Nakamura et al. 2013; Rogers et al. 2009 ). Thus, PLK4 marks the origin of duplication to ensure that only one centriole is generated next to each parental.
In cycling cells, overexpression of PLK4 leads to centriole over-amplification (Habedanck et al. 2005; Kleylein-Sohn et al. 2007; Rodrigues-Martins et al. 2007 ). The ectopic expression of PLK4 over-licenses centrioles for duplication, and multiple sites are marked for the initiation of centriole duplication within the same cell cycle. Multiple daughter centrioles are generated simultaneously around the mother centriole in a rosette-type structure. In a similar way, overexpression of the centriole regulators, STIL (Arquint et al. 2012; Tang et al. 2011; Vulprecht et al. 2012 ) and SAS-6 (Leidel et al. 2005; Strnad et al. 2007) , also leads to numerous centrioles.
The disengagement of the two centrioles at the end of mitosis is another significant mechanism, which licenses centriole duplication (Tsou and Stearns 2006) . PLK1 kinase and separase are important factors for centriole disengagement (Tsou et al. 2009 ). PLK1 is believed to promote the dissolution of the tight link between the mother and daughter centrioles which is mediated by separase protease activity. A number of recent papers shed light on the nature of this link and how it is dissolved. Pericentrin and Cep215 are pericentriolar material proteins, present close to the proximal end of the mother centriole and implicated in centriole engagement. Pericentrin is cleaved by separase at the end of mitosis, following its phosphorylation by PLK1. Pericentrin cleavage mediates removal of Cep215 from the pericentriolar material and is required and sufficient for centriole disengagement (Kim et al. 2015; Lee and Rhee 2012; Matsuo et al. 2012; Pagan et al. 2015) . In addition, cohesins, which hold sister chromatids together, have also been reported to contribute to centriole engagement, while their cleavage by separase not only allows chromosome segregation but may facilitate centriole disengagement, at least in some cells (reviewed in Sluder 2013) . The mechanism of centriole disengagement is therefore highly reminiscent of the mechanism for sister chromatid separation during mitosis, suggesting that coupling between the chromosome and the centrosome cycles may be achieved by using common regulators.
Cyclin-dependent kinases link the centrosome and chromosome cycles
Cyclin-dependent kinases are the master regulators of the cell cycle, and cyclical fluctuations in their activity drive cell cycle transitions and dictate the pace of cell cycle progression. CDK levels appear to link the centrosome and the chromosome cycle. Cdk2/cyclin E is essential for initiating DNA replication during S phase and is also required for centrosome duplication (Hinchcliffe et al. 1999; Lacey et al. 1999; Matsumoto et al. 1999; Meraldi et al. 1999) . While targets of Cdk2/cyclin E which are critical for DNA replication initiation have been identified across evolution (reviewed in Zegerman 2015), less is known about how Cdk2/cyclin E influences the centrosome cycle.
In the chromosome cycle, phosphorylation of Sld2/ RecQL4 and Sld3/Treslin by CDKs leads to their association with Dbp11/TopBP1 and formation of the pre-initiation complex by recruitment of Cdc45 and GINS to origin-bound MCMs. CDK-mediated phosphorylation of GemC1 (see later, Balestrini et al. 2010 ) has also been implicated in controlling DNA replication initiation through TopBP1 and Cdc45 interactions (see the BGeminin family members in cell cycle control^section below). At the same time, phosphorylation of MCM proteins, Cdt1, and Cdc6 mediates a block to rereplication (reviewed in Siddiqui et al. 2013 and Symeonidou et al. 2012) .
Though the targets of S phase CDKs in the centrosome cycle remain poorly characterized, proteins implicated in the chromosome cycle have been shown to be recruited to centrosomes through interactions with S phase cyclins and to control centrosome numbers. MCM5 is recruited to the centrosome through interactions with cyclin E and cyclin A, where it represses centrosome over-duplication (Ferguson and Maller 2008; Ferguson et al. 2010) . Similarly, Orc1 is recruited to centrosomes by cyclin A, where it inhibits cyclin Emediated centrosome reduplication (Hemerly et al. 2009 ). Very recently, Cdc6 was shown to be recruited to the proximal site of the centriole by cyclin A. Cdc6 binds to SAS-6 and inhibits cartwheel formation and therefore centriole duplication. Cdc6/PLK4 interactions relieve this inhibition through phosphorylation of Cdc6 (Xu et al. 2017) .
Cdk1/cyclin B is important for preventing untimely licensing in the chromosome cycle, which can only take place after mitotic exit, when Cdk1/cyclin B levels drop. This block to untimely DNA replication licensing is mediated both by direct binding to and phosphorylation of key licensing components. A similar mechanism was recently reported also for the centrosome cycle (Zitouni et al. 2016 ). Cdk1/cyclin B directly binds to the coiled-coil of STIL, inhibiting PLK4-STIL complex formation and STIL phosphorylation by PLK4. This is believed to prevent untimely centriole licensing in late mitosis or mitotically arrested cells, when centriole disengagement has started. Upon mitotic exit, newly synthesized STIL is free for binding and phosphorylation by PLK4, promoting the next steps of centriole assembly.
Finally, Geminin, a negative regulator of DNA replication licensing which inhibits untimely chromosome licensing during S and G2 phases and is proteolysed upon mitotic exit, has been shown to control once-per-cell-cycle centrosome duplication, though the molecular mechanism of this control remains unknown (Tachibana et al. 2005 ; see the BGeminin family members in cell cycle control^section below).
Centriole amplification in multiciliated cells
In many non-dividing cells, centrioles migrate to the cell surface and the mature mother centriole, acting as a basal body, gives rise to a single primary cilium, which is immotile and serves as a sensory organ (Ishikawa and Marshall 2011) . Motile cilia can be found on specialized cells of the human body. Multiciliated cells are terminally differentiated cells that, even though they have exited the cell cycle, have the ability to over-amplify their centrioles, generating hundreds of centrioles per cell. These centrioles will migrate and dock at the apical plasma membrane, acting as basal bodies that will give rise to hundreds of motile cilia . During the differentiation of multiciliated cells, distinct steps take place, aiming at the specification, the establishment, and the maintenance of the multiciliate cell phenotype. A transcription factor network is key for setting up a specialized gene expression program in these cells, which drives centriole amplification and multiciliogenesis and ensures a sufficiency of centriole and cilia components.
In post-mitotic multiciliated cells, the generation of hundreds of centrioles occurs almost simultaneously. Conversely, to the once-per-cell-cycle growth of a procentriole orthogonal to a pre-existing mother centriole, multiciliated cells exit the cell cycle and generate multiple centrioles. Two different pathways have been described for this exceptional centriole amplification process in multiciliated cells. The mother centrioledependent pathway (non-canonical CD pathway) resembles the canonical pathway observed in cycling cells, though multiple daughter centrioles can be formed around one mother. In the deuterosome-dependent pathway (DD pathway), nascent centrioles are formed without a pre-existing mother centriole, through a de novo pathway around fibrous aggregates, called deuterosomes (Tang 2013; Vladar and Stearns 2007) .
Multiple centriole formation is accomplished by the excessive expression of essential centriole regulators (Firat-Karalar and Stearns 2014; Vladar and Stearns 2007) . A critical step appears to be the increased levels of PLK4, which mark multiple origins of procentriole construction around the mother centriole. However, the deuterosome-dependent pathway differs molecularly from the centriole-dependent pathway in the initial molecules that induce multiple centriole formation. Recent data revealed DEUP1 as a central regulator for the de novo, deuterosome-dependent pathway of centriole biogenesis. Phylogenetic analysis proposed DEUP1 as a Cep63 paralogue generated through gene duplication and diversion during vertebrate evolution, which is present in lobe-finned fishes and tetrapods. DEUP1 interacts with Cep152 and, similar to the Cep63/Cep152 complex, recruits PLK4 to activate centriole biogenesis (Zhao et al. 2013) . CCDC78 is another regulator described lately in the ciliated epithelia of Xenopus embryonic skin which localizes to deuterosomes (Klos Dehring et al. 2013) . The role of CCDC78 in centriole biogenesis is not clear yet, but the proposed model is that CCDC78 acts as a scaffold for the recruitment of Cep152, contributing to the following activation of PLK4. The deuterosome-dependent pathway is the main pathway for the large number of centrioles generated in multiciliated cells. Despite differences in the upstream complexes formed during the initiation of centriole biogenesis between the two pathways, common downstream proteins participate in the following steps (Zhao et al. 2013) .
Recently, Al Jord et al. (2014) proposed a model for the massive production of centrioles during multiciliogenesis. They showed that deuterosomes comprise procentrioles generated by the centrosomal daughter centriole (Al Jord et al. 2014; Meunier and Spassky 2016) . This model suggests that the centrosome supports both the normal duplication of centrioles and their massive amplification. Experiments both in ependymal and tracheal multiciliated cells in vivo showed that the centrosomal daughter centriole serves as a template for procentriole formation, generating the deuterosomes. Once generated, procentrioles remain suppressed at an early stage of their formation. In the next steps, the nascent multiple procentrioles elongate simultaneously, detach from the centrosomal and deuterosome platforms, migrate and dock to the cell membrane for cilia growth (Al Jord et al. 2014 ).
Controlling multiciliogenesis
The generation of multiciliated cells in vertebrates is controlled by a strictly regulated transcriptional program, aiming to activate many genes that promote massive centriole amplification and axoneme formation, as well as others that influence cilia motility and planar polarization.
At the top of this process is the specification of the multiciliate cell fate in progenitor cells that exit the cell cycle. Notch signaling is a major upstream pathway that arrests proliferation and contributes to the balance between the ciliated and alternative cell fates in the mammalian airway epithelium, Xenopus embryonic epidermis, and zebrafish pronefros (Deblandre et al. 1999; Liu et al. 2007; Mori et al. 2015; Morimoto et al. 2012; Tsao et al. 2009 ). Notch signaling inhibits ciliogenesis and favors differentiation towards the secretory cell lineage, whereas Notch inactivation promotes the multiciliate cell fate. The micro-RNA miR-449 represses N o t c h 1 a n d i t s l i g a n d D e l t a -l i k e 1, p r o m o t i n g multiciliogenesis in human airway epithelium and Xenopus laevis embryonic skin (Marcet et al. 2011) . This is followed by the activation of ciliogenesis genes by a cohort of transcriptional regulators.
The transcription factors which have been best characterized are implicated in the later steps of multiciliogenesis, after centriole amplification, and are required for the docking of basal bodies to the apical surface and formation of motile cilia. Foxj1 (Brody et al. 2000; Stubbs et al. 2008; Yu et al. 2008) and Rfx2 and 3 (Baas et al. 2006; Chung et al. 2014; Chung et al. 2012; Piasecki et al. 2010 ) are key transcription factors for these later steps. Foxj1 is a key factor for the generation of motile cilia, whereas Rfx factors are required both for immotile and motile cilia. Foxj1-deficient cells possess multiple basal bodies, but exhibit severe docking defects. Foxj1 and Rfx2 and 3 factors are believed to function together for the generation of multiple motile cilia (Didon et al. 2013; El Zein et al. 2009 ). It has been proposed recently that Rfx2 acts as a scaffold for the localization of Foxj1 to the proper regulatory elements in cilia-related genes (Quigley and Kintner 2017) . p73 was also recently implicated in these later steps of multiciliogenesis: p73-deficient cells exhibit phenotypes similar to FoxJ1-deficient cells, accumulating multiple basal bodies which fail to dock (Marshall et al. 2016; Nemajerova et al. 2016) . It was shown that p73 acts through direct binding, among others, to the regulatory elements of Foxj1 and Rfx2/ 3 (Marshall et al. 2016; Nemajerova et al. 2016 ). miR-449 was also implicated in these later steps, through downregulation of CP110, a centriole-associated coiled-coil protein whose downregulation is required for basal body docking (Song et al. 2014) .
Until recently, the factors which acted early in the multiciliogenesis process to establish the multiciliated cell fate and direct centriole amplification remained largely unknown. A number of papers in the last few years have started to shed light on this important developmental transition. The Geminin family members McIdas and GemC1 have emerged as master regulators of this process (Arbi et al. 2016; Boon et al. 2014; Kyrousi et al. 2015; Ma et al. 2014; Stubbs et al. 2012; Terre et al. 2016; Zhou et al. 2015) . They cooperate with the E2F4/5 transcription factors, to upregulate cMyb and CCNO, which were recently implicated in centriole amplification (Funk et al. 2015; Tan et al. 2013; Wallmeier et al. 2014) , regulators of centriole duplication, such as PLK4, STIL, and DEUP1, as well as the downstream transcriptional regulator FoxJ1. They thereby direct centriole amplification and set up the transcriptional program for the downstream events of multiciliogenesis.
Geminin family members: regulators of the chromosome cycle Structural and domain features
Geminin along with McIdas and GemC1 constitutes a multifunctional group of proteins with significant roles both in cell proliferation and differentiation. Geminin, the first described member of the family (McGarry and Kirschner 1998; Kroll et al. 1998) , has been extensively studied. Very recently, the other two members, GemC1 and McIdas, were identified based on their sequence and functional homology to Geminin (Balestrini et al. 2010; Pefani et al. 2011) (Fig. 3) .
Geminin family members show low overall sequence similarity, but they are evolutionarily related due to a significant conservation in their coiled-coil domains (Balestrini et al. 2010; Caillat et al. 2015; Caillat et al. 2013; Pefani et al. 2011) (Fig. 3a, b) . The main conserved domain shared between the three proteins is located in the carboxy-terminal part of their coiled-coils (aa 121-146 in human Geminin). However, Geminin and McIdas also share a highly conserved heptapeptide (QYWKEVAE) at the N-terminus of their coiled-coil. This conserved N-terminal region coincides with the first binding interface between Geminin and Cdt1, a component of the pre-RC complex and Geminin's main partner in cycling cells (Lee et al. 2004) .
The crystal structure of the coiled-coil domain of Geminin family proteins has been studied and revealed important biological information regarding their conformation and function. While all three Geminin family members can homodimerize, the Geminin-Geminin homodimer is the most stable, whereas McIdas and GemC1 homodimers are unstable (Caillat et al. 2015; Caillat et al. 2013) . McIdas and GemC1 however form stable heterodimers with Geminin. Analysis of the crystal structure of Geminin-McIdas and Geminin-GemC1 coiled-coil complexes showed that they form tight head-to-head heterodimers (Caillat et al. 2015; Caillat et al. 2013) , similar to the Geminin-Geminin coiled-coil homodimers (Thepaut et al. 2004 ). The Geminin-McIdas and Geminin-GemC1 heterodimers are preferred over the Geminin-Geminin homodimer both in vitro (with purified proteins) and in cell extracts (by coimmunoprecipitation), suggesting that heterodimers may readily form upon co-expression of these proteins in cells. McIdas-GemC1 interactions, on the other hand, appear weak (Caillat et al. 2015) .
Apart from the conservation in their coiled-coil regions, McIdas and GemC1 possess a second domain in their carboxy-terminal region with important conservation, which is absent from the Geminin protein (Fig. 3a, c) .
The above homology data, in combination with the fact that Geminin orthologues exist in metazoa but
McIdas and GemC1 only in vertebrates, led to an evolutionary divergence hypothesis for the Geminin superfamily members: a duplication in the bony fish line of an ancient Geminin gene gave rise to a novel BMcIdas/ GemC1^copy that after a second round of duplication resulted in two separate McIdas and GemC1 copies (Terre et al. 2016) . McIdas retained a greater extent of coiled-coil homology to Geminin, while GemC1 did not preserve the N-terminal heptapeptide homology, implying a possible functional divergence of the two paralogues. The fact that McIdas and GemC1 share a second homology region that is not present in Geminin suggests that the McIdas/GemC1 ancient duplicate acquired a novel function, possibly retained by the two novel duplicates.
Geminin family members in cell cycle control
Geminin was initially characterized as a negative regulator of the initiation of DNA replication in metazoa (McGarry and Kirschner 1998) . Geminin is expressed in S, G2, and M phases, but it is degraded during anaphase by the anaphasepromoting complex/cyclosome (APC/C). Geminin interacts and inactivates Cdt1 during S and G2 phases of the cell cycle, preventing MCMs from being reloaded to chromatin until the end of mitosis (Tada et al. 2001; Wohlschlegel et al. 2000; reviewed in Lygerou and Nurse 2000) . The mechanism by which Geminin inhibits Cdt1 is currently unclear but involves direct binding to Cdt1 (Lee et al. 2004) , the formation of an inhibitory 2:4 Cdt1:Geminin complex (De Marco et al. 2009 ; Fig. 3 Geminin family members. a Geminin, McIdas, and GemC1 constitute the Geminin superfamily. All proteins exhibit homology in their coiled-coil regions, through which they can form homo-or heterodimers. McIdas and GemC1, but not Geminin, possess a second domain with significant conservation at their carboxy-terminal region. b Multiple sequence alignments of the coiled-coil regions of Geminin, McIdas, and GemC1 in human, mouse, and Xenopus. c Multiple sequence alignments of the C-terminal conserved regions of McIdas and GemC1 in human, mouse, and Xenopus Lutzmann et al. 2006) , and recruitment of Geminin by Cdt1 onto chromatin (Xouri et al. 2007) . Geminin is controlled by multiple pathways, including E2F-regulated transcription (Markey et al. 2004; Yoshida and Inoue 2004) and cell cycle phase-specific subcellular localization (Dimaki et al. 2013) .
The importance of Geminin for the maintenance of genomic stability is illustrated in depletion and overexpression studies in cells. Geminin depletion causes over-replication, DNA damage and G2/M arrest in a cell type-specific manner (Klotz-Noack et al. 2012; Melixetian et al. 2004; Zhu et al. 2004) . The Geminin overexpression phenotype in human cell lines is also cell-type specific, leading to arrest at the G1/S transition or a defective S phase followed by apoptosis (Shreeram et al. 2002) .
Besides the critical and well-characterized role of Geminin in DNA replication, Geminin has also been implicated in centriole duplication during the cell cycle. Depletion of Geminin both in normal and cancer cells results in multiple centrosomes (Tachibana et al. 2005 ). This effect is independent from cell division failure, as Geminin depletion can cause centrosome over-duplication without passage through mitosis. Geminin overexpression on the other hand inhibits the centrosome over-duplication observed when cells are arrested in S phase by hydroxyurea (Tachibana and Nigg 2006) . The coiled-coil domain of Geminin is required for this inhibition ). These data therefore suggest that Geminin inhibits centriole over-duplication during the cell cycle. How Geminin may regulate centriole duplication at the molecular level however remains unknown. Geminin was shown to localize to centrosomes ). The coiled-coil domain of Geminin mediates its interaction with Arp1, a subunit of the dynein-dynactin complex, and this interaction is essential for Geminin centrosomal localization ).
McIdas was initially identified as a cell cycle regulator which binds to Geminin and inhibits its association with Cdt1 (Pefani et al. 2011) (Fig. 4) . Experiments with Xenopus egg extracts showed that McIdas can inhibit the function of Geminin in DNA replication licensing regulation. McIdas is a nuclear, cell cycle-regulated protein. Its protein levels rapidly drop during anaphase of mitosis, reminiscent of the expression pattern followed by APC/C targets. Indeed, sequence analysis indicated that McIdas could be an APC/C target, as a RALL short sequence motif found in its N-terminal region is similar to the RXXL-type destruction box consensus sequence present in APC/C substrates (Pefani et al. 2011) . McIdas depletion from cells by siRNA affects normal cell cycle progression and leads to cell accumulation in S phase. These cells are unable to enter mitosis or progress towards the following G1 phase (Pefani et al. 2011) . Overexpression of McIdas resulted in an increase in DNA content, reminiscent of the phenotype observed upon Geminin depletion (Caillat et al. 2013) . The effect of McIdas overexpression is likely to be mediated through binding to Geminin, as concomitant overexpression of Geminin in U2OS cells relieved the McIdas overexpression effect (Caillat et al. 2013 ). In addition, abnormal multipolar spindles were observed upon McIdas ectopic expression, indicating that McIdas may also affect centrosome numbers in cycling cells (Pefani et al. 2011 ). This analysis therefore identifies a role for McIdas in the chromosome cycle and suggests a possible implication in the centrosome cycle.
GemC1 was initially characterized for its role in DNA replication (Balestrini et al. 2010) . It was shown to act not during licensing but during DNA replication initiation at the G1/S transition, mediating the formation of the pre-initiation complex (pre-IC) (Fig. 4) . GemC1 was shown to interact directly with the replication factor TopBP1 and with Cdc45, both with purified proteins and in Xenopus egg extracts. It is loaded onto chromatin assembled in Xenopus egg extracts before DNA replication initiates, in a TopBP1-and ORC-dependent manner. GemC1 is phosphorylated by Cdk2/cyclin E and binds tightly to cyclin E. Depletion of GemC1 inhibits DNA replication, both in Xenopus egg extracts and in mammalian cells. Specifically, GemC1 depletion prevents Cdc45 and Sld5 (a GINS subunit) from binding to chromatin, whereas TopBP1, Cdc7, ORC1-6, and MCM2-7 complex loading is unaffected. This analysis showed that GemC1 is required for Cdc45 and GINS loading and activation of the helicase complex for DNA replication initiation (Balestrini et al. 2010) .
Despite the similarity in the coiled-coil domain among Geminin family members, GemC1 and McIdas cannot interact with Cdt1 (Caillat et al. 2015; Pefani et al. 2011 ), but bind to Geminin tightly. It has been proposed by Pefani et al. (2011) that balanced interactions among Geminin family proteins are important for controlling DNA replication initiation (Pefani et al. 2011) (Fig. 4) . Additional studies will be needed to clarify how Geminin family proteins contribute to the control of the chromosome cycle.
Geminin family members in cell fate decisions: McIdas and GemC1 as master regulators of multiciliogenesis
Geminin in cell fate decisions
In addition to its role in DNA replication control, Geminin has been linked to cell fate decisions in different organisms and developmental systems (reviewed in Patmanidi et al. 2017 ). Geminin's function in differentiation was identified early on, at the same time as its role in DNA replication (Kroll et al. 1998) . Geminin was later shown to act as a scaffold protein interacting with chromatin remodeling factors such as Brg1 (Seo et al. 2005) and Polycomb (Luo et al. 2004) , transcription factors such as Six3 (Del Bene et al. 2004 ) and Hox proteins (Luo et al. 2004 ), or other coiled-coil proteins like ERNI and BERT (Papanayotou et al. 2008) , thereby controlling transcription of specific target genes directing differentiation. Geminin-knockout mice have helped elucidate its role during development. Geminin is essential during the first embryonic divisions and in its absence, an inner cell mass fails to form and cells commit to the trophoblastic cell lineage and endoreduplicate their genome (Gonzalez et al. 2006) . Analysis of conditional knockout mice has shown that Geminin is required for balancing the numbers of neural progenitors in the developing cortex , neural tube (Patterson et al. 2014) , neural crest cells (Stathopoulou et al. 2016) , and hematopoietic progenitor cells (Karamitros et al. 2010a; Karamitros et al. 2015; Shinnick et al. 2010) . It has been proposed that Geminin can act as a transcriptional regulator establishing a permissive chromatin state for the expression of genes regulating commitment of undifferentiated stem and precursor cells to differentiated lineages (Yellajoshyula et al. 2012 ).
Geminin has also been implicated in establishing left-right patterning asymmetry during zebrafish development, possibly linked to defective differentiation of cells with motile cilia (Huang et al. 2011) . Geminin is expressed in Kupffer's vesicle, an embryonic structure related to the mouse node which consists of mono-ciliated cells that create a directional fluid flow during embyogenesis, necessary for the establishment of asymmetry. Loss of Geminin affects normal left-right patterning asymmetry during zebrafish development (Huang et al. 2011) . Geminin morphants exhibit a disturbed heart and visceral asymmetric organ pattern and malformed Kupffer's vesicle with decreased number of cilia.
A wealth of data show that Geminin is a multifunctional protein with roles in proliferation and differentiation decisions in various contexts. Geminin has additional functions, including an involvement in replicative senescence (Iliou et al. 2013) and apoptosis (Roukos et al. 2007 ). The two novel Geminin family members, McIdas and GemC1, have retained functions Fig. 4 Geminin family members in DNA replication control. During G1 phase, origins of replication become licensed for a new round of genome duplication by the assembly of the pre-replicative complex (pre-RC), which is composed of the six subunit origin recognition complex (ORC1-ORC6), the loading factors Cdt1 and Cdc6, and the MCM2-7 helicases. At this phase, Geminin is not expressed and the loading factor Cdt1 licenses origins for replication. At the G1/S transition, Geminin starts to be expressed, preventing re-licensing through binding with Cdt1 and inhibiting further MCM loading. McIdas is required for cell cycle progression and it can form heterodimers with Geminin, inhibiting Cdt1-Geminin interaction. Into S phase, the pre-replicative complex converts to the pre-initiation complex (pre-IC) after the recruitment of additional factors, including Cdc45, the GINS complex, TopBP1, RecQL4, Treslin, and MCM10. GemC1 is required for Cdc45 loading onto replication origins, through interactions with TopBP1 and Cdk2-cyclin E of Geminin both during DNA replication and cell fate decisions. However, Geminin participates in differentiation decisions across different tissues, whereas McIdas and GemC1 were recently shown to have this role in specific cell types during the development of vertebrates and more specifically during the differentiation of the specialized multiciliated cells.
McIdas in multiciliogenesis
McIdas is the first of the Geminin family members that was described as an important regulator of multiciliogenesis. A tissue specific role of McIdas during development was suggested early on (Pefani et al. 2011) : it was observed that McIdas is highly expressed in the developing choroid plexus epithelium and the cortical hem of E12.5 dpc mouse brain, consistent with a specialized function during development.
Indeed, Stubbs et al. (2012) identified McIdas as a factor regulated by Notch which promotes the differentiation of multiciliated cells in Xenopus skin (referred to as multicilin, Stubbs et al. 2012 ; reviewed in Balestra and Gonczy 2014). They showed that McIdas can act as a transcriptional coregulator of genes required for centriole amplification and generation of motile cilia in Xenopus skin and kidney and in mouse airway epithelial cultures (Stubbs et al. 2012 ). The transcriptional role of McIdas is accomplished through the formation of a ternary complex with the transcription factors E2F4/5 and DP1, named the EDM complex . McIdas binds via its conserved C-terminal domain to the dimerization domains of E2F4/5 and DP1. Ma et al. (2014) performed an RNA-sequencing analysis of skin progenitors from Xenopus embryos, in which multiciliogenesis has been induced after the expression of an inducible form of McIdas alone or with E2F4ΔCT, a truncated form that specifically inhibits centriole amplification in multiciliated cells ). This analysis revealed that the EDM complex activates ciliogenesis-related transcription factors, including Foxj1, Rfx2, and cMyb, as well as genes essential for centriole amplification and assembly, such as CCNO, PLK4, CEP152, STIL, and DEUP1. Conversely, cell cycle genes remained unaffected, with the exception of few genes such as PLK1 and the multiciliogenesis-specific cyclin A CCNA1 . Chromatin immunoprecipitation analysis combined with deep sequencing revealed that the cooperation of McIdas with the E2F transcription factors could enhance the binding of E2F4 to the promoters of centriolar genes and decreased its binding to the promoters of cell cycle genes ).
In the mouse, McIdas was shown to exhibit high-level expression in the developing mouse cortex during ependymal cell specification (Kyrousi et al. 2015) , the choroid plexus epithelium of all brain ventricles, the developing mouse airway epithelium, and the female reproductive track (Arbi et al. 2016) , which contain multiciliated cells. Overexpression and knockdown experiments showed that McIdas is sufficient and necessary to control ciliogenesis in the brain ependyma (Kyrousi et al. 2015) . More specifically, McIdas was shown to act as an important key regulator for the commitment and differentiation of radial glial cells (RGCs) into multiciliated ependymal cells, as its ectopic expression provokes loss of neural progenitor characteristics of RGCs, cell cycle exit, and premature differentiation towards the multiciliate cell lineage (Kyrousi et al. 2015) . McIdas expression starts during late embryogenesis, around E16.5, and it is co-expressed with markers of ependymal cells, including S100β and Foxj1. Its expression is maintained until the first postnatal week (middle of ependymal cell differentiation) and is lost during the later steps of this differentiation process.
McIdas acts upstream of cMyb (Kyrousi et al. 2015; Tan et al. 2013) , while recent publications showed that the ciliogenesis regulators Foxn4 (Campbell et al. 2016 ), CP110 (Walentek et al. 2016) , and p73 (Marshall et al. 2016; Nemajerova et al. 2016 ) are also targets of McIdas. Importantly, McIdas transcriptional activity is inhibited by Geminin (Arbi et al. 2016) , while EDM complexes containing Geminin are detected , suggesting that Geminin binding inhibits EDM function. These findings show that McIdas, in complex with E2F4/5 and DP1, binds to the promoters and activates genes that are essential for centriole amplification and for setting up the transcriptional program for the subsequent steps of multiciliate cell differentiation.
The MCIDAS gene is flanked in the genome by the CCNO and CDC20B genes, which have also been implicated in multiciliogenesis (Fig. 5) . CDC20B contains intronic miRNAs of the miR34/449 family that are implicated in motile ciliogenesis (Marcet et al. 2011; Song et al. 2014 ). These evolutionarily conserved microRNAs act in different steps during multiciliogenesis in diverse ciliated tissues. CCNO functions during the massive centriole amplification observed in multiciliated cells, through the deuterosome-dependent pathway. This makes the 5q11 genomic region containing MCIDAS along with CCNO and CDC20B, a locus essential for multiciliate cell differentiation.
These results highlighted McIdas as an early regulator of the molecular pathway for the generation of multiciliated cells, safeguarding the proper function and number of cilia.
GemC1 in multiciliogenesis
GemC1 has been highlighted very recently at the top of the transcriptional cascade that regulates multiciliate cell differentiation (Arbi et al. 2016; Kyrousi et al. 2015; Terre et al. 2016; Zhou et al. 2015 ; reviewed in Vladar and Mitchell (2016) ). GemC1 has been characterized in mice, zebrafish, and Xenopus, revealing a conserved role in multiciliogenesis throughout evolution.
Expression analysis of GemC1 in mice showed that it is expressed to high levels in tissues containing cells with multiple motile cilia, including the trachea, bronchi, choroid plexus epithelium, cortex, and reproductive tissues (Arbi et al. 2016; Kyrousi et al. 2015; Terre et al. 2016 ). On the contrary, GemC1 expression is very low/undetectable in tissues that do not contain multiciliated cells, such as the liver, spleen, heart, kidney, and muscle. The expression pattern of GemC1 is highly overlapping with McIdas and Foxj1 expression.
The in vivo role of GemC1 was delineated upon deletion of the gene in mice (Arbi et al. 2016; Terre et al. 2016) . Mice lacking GemC1 are born at normal ratios and without gross abnormalities. Postnatally, Arbi et al. (2016) observed severe growth retardation in comparison to wild-type or heterozygous littermates and the majority of animals died soon after birth (Arbi et al. 2016) . Terre et al. (2016) observed a similar growth retardation in their GemC1-knockout mice, though mutant mice lived longer and developed hydrocephaly (Terre et al. 2016) . Both female and male mutant mice which survived to adulthood were infertile (Terre et al. 2016) . Early postnatal lethality with varying penetrance is commonly observed in mice with defects in multiciliogenesis, such as in FoxJ1-deficient (Brody et al. 2000) and CCNO-deficient (Funk et al. 2015) mice, though the exact cause of death is unclear. Differences in the extent of early postnatal death observed in GemC1-deficient animals between the two groups may be attributable to differences in the disrupted allele, in the genetic background of the mice, or in growth conditions. Importantly, situs inversus (reversal of visceral organs) was not observed in GemC1-deficient animals, similar to CCNOdeficient mice (Funk et al. 2015) and in contrast to FoxJ1-deficient mice (Brody et al. 2000) . This is consistent with a specific role of GemC1 in centriole amplification and the generation of multiple cilia, in contrast to FoxJ1 which is implicated in the generation of one or more motile cilia. Indeed, analysis of GemC1-deficient mice showed that GemC1 affects specifically multiciliate cell differentiation. Airway epithelia of GemC1-deficient mice are devoid of multiciliated cells, and multiciliogenesis is inhibited at an early stage, as the formation of multiple centrioles cannot be detected (Arbi et al. 2016) . McIdas, Foxj1, and Rfx3 are not expressed in GemC1-deficient mice, in contrast to wild-type littermates Fig. 5 The MCIDAS chromosomal locus is important for multiciliogenesis. MCIDAS localizes at 5q11.2 in humans and is flanked by the CCNO and CDC20B genes (spaced 3.85 kb upstream and 47 kb downstream of the MCIDAS gene, respectively). CCNO is essential for centriole amplification in multiciliated cells, through the deuterosome-dependent pathway. Cdc20b contains the intronic miR449 microRNAs which are expressed at high levels in multiciliated epithelia and are implicated in motile ciliogenesis, by repressing targets such as Delta/Notch and CP110 (Arbi et al. 2016; Terre et al. 2016) . A complete loss of multiciliated cells was also observed in the choroid plexus epithelium, as well as in the female oviducts, explaining the symptoms of hydrocephaly and infertility observed in GemC1-knockout mice (Terre et al. 2016) . Microarray analysis of the transcriptional profile of wild-type and GemC1-deficient murine trachea and oviduct revealed that GemC1 regulates transcription factors such as McIdas, FoxJ1, cMyb, and CCNO, as well as effectors and structural proteins involved in centriole amplification such as Deup1 and Ccdc78 (Terre et al. 2016) . Interestingly, normal numbers of basal cells but increased numbers of mucus-producing cells were observed in mutant airways (Arbi et al. 2016; Terre et al. 2016) , suggesting that GemC1 may affect fate choices in airway epithelia. An expansion of mucus-producing cells at the expense of multiciliated cells is a common airway pathology in humans, termed mucus metaplasia.
Functional analysis of GemC1 in a mouse tracheal epithelial cell culture system (MTECs) showed that GemC1 is sufficient to promote the differentiation of multiciliated cells through the upregulation of McIdas and Foxj1 (Arbi et al. 2016) . GemC1, like McIdas, possesses a key role also in the differentiation of multiciliated ependymal cells in the mouse brain (Kyrousi et al. 2015; Kyrousi et al. 2016; Kyrousi et al. 2017 ). GemC1 acts early during ependymal cell generation, and loss-of-function and gain-of-function experiments showed its involvement in the commitment of radial glial cells towards ependymal ciliated cells. GemC1 activates McIdas expression, operating in hierarchical order upstream of cMyb and Foxj1 (Kyrousi et al. 2015) . Transcriptional activation by GemC1 is mediated through cooperation with the E2F4/5 transcription factors (Arbi et al. 2016) . Luciferase gene reporter assays showed that GemC1 activates the transcription of MCIDAS and FOXJ1 and this induction is increased when GemC1 is co-expressed in cells with E2F5 (Arbi et al. 2016) . Chromatin immunoprecipitation assays showed that the cooperation between GemC1 and E2F5 results in their specific binding to the upstream regulatory sequences of MCIDAS and FOXJ1 (Arbi et al. 2016) . Their cooperation is accomplished through a physical interaction between GemC1 and the E2F4/5-DP1 transcription factors, as shown by immunoprecipitation experiments (Terre et al. 2016) . The carboxy-terminal domain of GemC1 is responsible for this interaction, while a single point mutation (G313D) in this region disrupts the formation of the complex (Terre et al. 2016) , similar to McIdas. Importantly, Geminin was shown to inhibit both GemC1-and McIdas-mediated trans-activation (Arbi et al. 2016; Terre et al. 2016) .
GemC1 function appears conserved in vertebrates. Analysis of the GemC1 orthologue in zebrafish (GMNC) showed that it is expressed in differentiating multiciliated tissues (kidney tubules and nasal placodes), similar to the McIdas orthologue, and it is downregulated by Notch signaling (Zhou et al. 2015) , consistent with findings in mammals. GemC1 knockdown in zebrafish embryos resulted in lack of multiciliated cells from the kidney tubules. Cells with single motile cilia in the same tissue were not affected, showing that GemC1 is specifically required for multiciliogenesis. Zebrafish GemC1 acts upstream of McIdas, FoxJ1b, and Rfx, similar to the mammalian protein. GemC1 was also essential and sufficient for multiciliogenesis in Xenopus (Zhou et al. 2015) . Zhou et al. (2015) reported that they could not detect a complex between human GemC1 and E2F4-DP1 by coimmunoprecipitation in human cell extracts, in contrast to Terre et al. (2016) and our unpublished work. It should be noted, however, that the GemC1 construct Zhou et al. used bears a tag close to the E2F4/5 interaction motif at the Cterminus of the protein, and this could affect complex formation. It is also noteworthy that Zhou et al. failed to see induction of multiciliogenesis upon zebrafish or human GemC1 ectopic expression in zebrafish embryos, using C-teminally tagged GemC1 constructs (Zhou et al. 2015) .
Geminin family member interactions control multiciliogenesis
The aforementioned studies provide ample evidence that GemC1 and McIdas are evolutionarily conserved regulators of multiciliogenesis acting in a hierarchical order at the top of the transcriptional pathway establishing multiciliate cell differentiation (Fig. 6 ). GemC1 and McIdas operate to induce multiciliogenesis by generating comparable structural and functional complexes, through their conserved C-terminal domain. Both complexes bind to promoters and activate genes that are essential for centriole amplification and for setting up the downstream transcriptional cascade mediating multiciliogenesis. In addition, both complexes are inhibited by Geminin. However, it is clear that GemC1 and McIdas do not act in redundancy, as deletion of GemC1 leads to a block in the multiciliogenesis pathway in vivo (Arbi et al. 2016; Terre et al. 2016) . GemC1 can induce McIdas transcription, whereas McIdas cannot upregulate GemC1 (Arbi et al. 2016; Kyrousi et al. 2015) . Consistently, McIdas expression is lost upon GemC1 depletion in mice, Xenopus, and zebrafish (Arbi et al. 2016; Kyrousi et al. 2015; Terre et al. 2016; Zhou et al. 2015) . McIdas on the other hand can autoregulate its own transcription. The expression levels of Geminin, GemC1, and McIdas are dynamically regulated as dividing progenitor cells proceed towards differentiation (Arbi et al. 2016) , with Geminin levels decreasing and GemC1 and McIdas levels increasing as cells exit the cell cycle and initiate multiciliogenesis. As Geminin:McIdas and Geminin:GemC1 heterodimers are preferentially formed over the homodimers (Caillat et al. 2015; Caillat et al. 2013; Pefani et al. 2011 ), McIdas and GemC1 are likely to be efficiently inhibited as long as Geminin levels remain high.
Taken together, the above data lead to the following model for how Geminin family members drive centriole amplification and multiciliogenesis (Fig. 6 ): in dividing progenitor cells, Geminin levels are high while GemC1 and McIdas levels are low and inhibited by Geminin binding. As cells commit to the multiciliate cell fate, Geminin levels decrease and GemC1 levels increase, liberating GemC1 to form complexes with E2F4/5 and to induce transcription of MCIDAS, as well as a number of other multiciliogenesis regulators which mediate centriole amplification (such as cMYB and CCNO) and cilia formation (such as FOXJ1). McIdas in complex with E2F4/5 trans-activates a very similar set of genes, but importantly it also trans-activates its own promoter, leading to a positive feedback loop which locks cells in the multiciliogenesis pathway. The presence of additional multiciliogenesis regulators in the MCIDAS locus (CCNO and CDC20B), which are also upregulated by GemC1 and McIdas, suggest that the regulation of this locus may be central for the establishment of a multiciliogenesis program. In this model, positive and negative interactions between Geminin family members are important to ensure a rapid switch in fate and robust commitment to multiciliogenesis.
Upstream pathways controlling Geminin family members during multiciliogenesis
How are Geminin family members regulated to induce multiciliogenesis at the correct time and in the right cells? What triggers Geminin levels to decrease and GemC1 levels to increase, committing cells to multiciliogenesis? These questions remain poorly understood.
Notch signaling is a well-known upstream regulator of the multiciliate cell fate, as low levels of Notch signaling permit differentiation towards a multiciliated cell fate, whereas increased levels of Notch lead to reduced numbers of Fig. 6 Geminin family members specify the multiciliate cell fate. A model for how balanced interactions of Geminin family members and their relative expression levels contribute to cell fate decisions. In cycling progenitor cells, Geminin is expressed at high levels, whereas McIdas and GemC1 are at low levels. At this state, GemC1 and McIdas are inhibited by Geminin, cell cycle genes are active, and cilia-related genes remain repressed. For cells to commit to the multiciliate cell fate, Geminin levels must drop while the levels of GemC1 increase. Liberated from Geminin inhibition, GemC1 interacts with the E2F4/5 and DP1 transcription factors, promoting the transcriptional activation of McIdas, which also forms complexes with E2F4/5 and DP1. These complexes activate a plethora of genes required for centriole amplification and cilia formation, pushing cells towards multiciliogenesis multiciliated cells. In the zebrafish pronephros, morpholinos for the depletion either of the ligand Jagged2 or Notch3 leads to increased numbers of multiciliated cells. On the contrary, overexpression of the intracellular domain of the Notch protein reduces multiciliated cells and increases transporting epithelial cells (Liu et al. 2007) . Similarly, inactivation of Notch signaling in the mouse lung epithelium results in reduced numbers of secretory Clara cells, whereas multiciliated and neuroendocrine cells are increased (Tsao et al. 2009 ). GemC1 and McIdas were found to be under the regulation of Notch signaling (Kyrousi et al. 2015; Stubbs et al. 2012; Zhou et al. 2015) . McIdas was initially characterized in Xenopus as a Notch-repressed target (Stubbs et al. 2012) . Later, Kyrousi et al. (2015) showed that Notch signaling acts antagonistically to GemC1 and McIdas functions in brain ventricles and reduces their ability to promote the commitment of radial glial cells to ependymal ciliated cells (Kyrousi et al. 2015) . Additional studies showed that the regulation of GemC1 and McIdas by Notch signaling is conserved both in zebrafish and in Xenopus embryos (Zhou et al. 2015) . It is however unclear how this regulation is brought about at the molecular level.
Similar to Notch, current data propose an inhibitory role for Geminin in multiciliate cell differentiation. Geminin prevents the transcriptional activity of GemC1 and McIdas on genes that are implicated in multiciliogenesis, including MCIDAS and FOXJ1 (Arbi et al. 2016; Terre et al. 2016) . The inhibition of GemC1 or McIdas by Geminin may be mediated by the formation of heterodimers, through their coiled-coil domains. Geminin is downregulated both transcriptionally and through proteolysis when cells exit the cell cycle (Xouri et al. 2004) , and this may contribute to liberating GemC1 and McIdas for multiciliogenesis. How Notch signaling, cell cycle exit, and Geminin activity may be coordinated for the establishment of the multiciliate cell fate remains unresolved.
Recent additional observations involved cytokine signaling in the specification of the ciliated cell fate. McIdas is upregulated directly by IL-6 and the downstream STAT3 pathway (Tadokoro et al. 2014 ). IL-6 promotes the differentiation of both mouse and human airway basal cells into multiciliated cells by downregulating the Notch signaling pathway and upregulating ciliogenesis genes, like MCIDAS and FOXJ1, through direct binding of p-STAT3 to their promoter regions. Conversely, an inhibitory effect in ciliated cell differentiation was reported for IL-13. IL-13 via the JAK/STAT6 pathway inhibits the ciliated lineage, by down-regulating MCIDAS and FOXJ1 expression. Both Notch and IL-13 inhibit ciliogenesis, but independently, suggesting that different pathways control McIdas expression and multiciliogenesis. One more transcription factor has been implicated in the upstream pathway controlling multiciliate cell fate. The recently characterized transcription factor Grainyhead-like 2 (Grhl2) is required for airway cell polarity, barrier function, and differentiation (Gao et al. 2013) . MCIDAS is transcriptionally activated by Grhl-2, indicating that Grhl-2 may act upstream or in parallel with McIdas for the establishment of the ciliated lineage (Gao et al. 2015) . Recently, the aryl hydrocarbon receptor was shown to transcriptionally induce MCIDAS and CCNO in air-exposed airway epithelia, to promote multiciliogenesis (Villa et al. 2016) .
We currently lack important information on what controls GemC1 gene (GMNC) expression and GemC1 function. As GemC1 is the most upstream factor in the multiciliogenesis cascade, which can upregulate McIdas, identifying how GemC1 is regulated will be crucial for delineating the multiciliogenesis cascade. GemC1 and McIdas are not always co-expressed in cells. For example, in the developing choroid plexus, McIdas expression is gradually restricted to the base of the plexus, while GemC1 is detected throughout the developing epithelium (Arbi et al. 2016) . Additional levels of regulation may therefore exist to fine-tune the expression of these central multiciliogenesis regulators, which currenlty remain elusive. GemC1 has been shown to be phosphorylated by Cdk2/cyclin E at multiple sites (Balestrini et al. 2010) . It would be interesting to investigate if these phosphorylations could be implicated in controlling GemC1 function at the post-translational level. GemC1 may also be negatively regulated by the miR449 family, as consensus sites are present in the 3′UTR of the GemC1 mRNA.
Elucidating the contribution of each signaling pathway and the relationship between them will hopefully shed light on the poorly characterized upstream molecular pathways which commit progenitor cells towards the multiciliate cell lineage.
Mutations in centrosome and chromosome cycle regulators cause inherited human syndromes
Defects in both the centrosome and the chromosome cycle have been linked to chromosomal instability and tumorigenesis (reviewed in Gillespie 2008 and Gonczy 2015) . Intriguingly, inherited mutations in central regulators of both the centrosome and the chromosome cycles have been linked to a heterogeneous group of developmental single-gene disorders, characterized by primordial dwarfism and microcephaly. Primordial dwarfism is manifested as severe prenatal and postnatal growth retartadation, while in microcephaly, brain size is much smaller than the age-related population mean. Microcephalic primordial dwarfism syndromes are a group of related autosomal recessive syndromes which include primary microcephaly (MCPH), Seckel syndrome (SCKS), microcephalic osteodysplastic primordial dwarfism type II (MOPD-II), and Meier-Gorlin syndrome. Mapping the genes mutated in these syndromes identified the key factors controlling once-per-cell-cycle centrosome and chromosome duplication.
Mutations in pericentriolar material (PCM) and centriole components important for centriole duplication control have been reported in microcephalic primordial dwarfism syndromes. Mutations in the gene for pericentrin (PCNT), a pericentriolar material component important for centriole disengagement (see the BOnce-per-cell-cycle centriole duplication in cycling cells^section), have been identified in microcephalic osteodysplastic primordial dwarfism type II (Griffith et al. 2008; Rauch et al. 2008) and Seckel syndrome (Rauch et al. 2008) . Mutations in the gene for Cep215 (CDK5RAP2), which is also associated with centriole disengagement (see BOnce-per-cell-cycle centriole duplication in cycling cellsŝ ection), have been identified in patients with primary microcephaly (Bond et al. 2005) . A number of genes involved in centrosome biogenesis have been associated with microcephalic diseases, such as CENPJ, CEP152, CEP135, CEP63, STIL, and PLK4 (reviewed in Nano and Basto 2017) . STIL, a component of the core module for centriole duplication, was identified as a mutated gene in patients with primary microcephaly (Kumar et al. 2009 ). Two different mutations in the STIL gene found in patients with primary microcephaly encode truncated forms of the STIL protein, which lack a KENtype destruction box at the C-terminus of STIL (Arquint and Nigg 2014) . Overexpression of the truncated forms in U2OS cells causes centriole over-duplication. Different types of mutations that result in reduced protein levels of PLK4 have been identified in microcephalic primordial dwarfism patients, exhibiting other defects such as retinopathy (Martin et al. 2014) . Patient-derived cells show impaired centriole numbers and mitotic spindle formation, with most commonly a single pair of centrioles at one spindle pole, leading to delayed mitotic progression. Similarly, PLK4-morphant zebrafish embryos exhibit reduced growth and cell proliferation, as well as increased apoptosis, due to impaired centriole duplication. On the other hand, PLK4-induced centrosome amplification in mice also leads to microcephaly, due to aneuploidy and cell death (Marthiens et al. 2013) . Therefore, both defective centriole duplication and centriole over-duplication may lead to cell death and microcephaly. Interestingly, mutations in DNA replication licensing factors cause Meier-Gorlin syndrome, a primordial dwarfism syndrome characterized by small stature, often accompanied by microcephaly and additional developmental abnormalities such as osteodysplastic features. MeierGorlin syndrome is associated with mutations in genes encoding components of the pre-replication complex. The origin recognition complex subunits ORC1, ORC4, and ORC6 and the MCM helicase loading factors CDT1 and CDC6 have been found mutated in Meier-Gorlin syndrome patients (Bicknell et al. 2011a; Bicknell et al. 2011b; Guernsey et al. 2011; Kuo et al. 2012) . Recently, mutations in Cdc45, a subunit of the pre-initiation complex and the active replicative helicase, and MCM5 were also identified in Meier-Gorlin syndrome patients (Fenwick et al. 2016; Vetro et al. 2017) . The identified mutations in pre-replicative and replication complex components are believed to cause DNA replication defects leading to impaired proliferation and increased cell death. Interestingly, ORC1 mutations identified in Meier-Gorlin syndrome patients were shown to alter the ability of Orc1 to inhibit Cdk2/cyclin E, thus affecting centriole copy number control in cells (Hossain and Stillman 2012) . In addition, it was shown that ORC1-deficient cells from patients with Meier-Gorlin syndrome exhibit reduced centrosome numbers (Stiff et al. 2013) . These studies are consistent with licensing factors being implicated in the centrosome cycle (see the BCyclin-dependent kinases link the centrosome and chromosome cycles^section above) and provide a possible link between the common phenotypic characteristics observed in patients with mutations in centrosome and chromosome regulators. Though the molecular pathology leading to the disease phenotypes in these syndromes is far from clear, defects in the rapid cell divisions of neural progenitors during early brain development, leading to cell death and progenitor exhaustion, are believed to account for microcephaly defects. Similarly, growth retardation may be attributed to defects in cell division and increased death of proliferating cells in various organs, leading to reduced numbers of cells. Defects in the formation of the primary cilium may also contribute to some aspects of the observed phenotypes, such as defects in bone and cartilage development (Stiff et al. 2013 ) and retinopathies.
The Geminin family members Geminin (GMNN) and MCIDAS have also been found mutated in patients. Patient phenotypes however differ between GMNN and MCIDAS mutations, consistent with their primary role in cell cycle control and differentiation, respectively. Some individuals with a rare dominant form of Meier-Gorlin syndrome were found to possess de novo heterozygous mutations in the GMNN gene (Burrage et al. 2015) . These mutations result in truncated forms of the Geminin protein which lack its destruction box, leading to increased protein stability and thus constitutive inhibition of DNA replication, phenocopying the loss-offunction licensing factor mutations described above.
Mutations in the MCIDAS gene were recently identified in patients with a different type of syndrome. Consistent with its role in the formation of multiciliated cells, mutations in MCIDAS were identified in a rare hereditary mucociliary clearance disorder, named reduced generation of multiple motile cilia (RGMC), where airway epithelial cells possess few cilia that are immotile . In these patients, defective mucociliary clearance leads to recurrent infections of the upper and lower airways. Female infertility and hydrocephalus are among the symptoms observed in some of the affected individuals. Mapping of the mutations that are responsible for this disorder showed that they are localized in the conserved carboxy-terminal region of McIdas, through which McIdas interacts with the transcription factors E2F4/5 and DP1 . Ma et al. (2014) studied the impact of two of the McIdas mutations found in patients with RGMC, located at its C-terminus. They showed that the G335D mutation prevents the formation of the EDM complex (E2F4/5-DP1-McIdas complex). On the contrary, the R370H mutation allows the formation of the complex; however, the complex is not functional ). In any case, both mutations impede ultimately the transcriptional activation caused by the EDM complex of a plethora of ciliogenesis genes, inhibiting multiciliate cell differentiation.
CCNO, a downstream target of both McIdas and GemC1, was also shown to be mutated in RGMC patients (Amirav et al. 2016; Wallmeier et al. 2014) . The analysis of the CCNO-mutated human respiratory epithelial cells showed a great reduction in centriole numbers, as well as defects in basal body migration. However, a small number of cells possess 1-2 cilia that are motile, in contrast with the few immotile cilia observed in MCIDAS-deficient patients . Reduction of CCNO expression caused the same phenotype both in mice and Xenopus embryonic skin (Funk et al. 2015; Wallmeier et al. 2014) . CCNO-deficient mice exhibit perinatal lethality. Mice that survive early lethality exhibit growth retardation and severe hydrocephaly, and the majority of animals die within the first 6 weeks after birth. Males and females which are not severely affected by hydrocephaly and survive to adulthood are fertile. Finally, CCNO-deficient mice exhibit also mucosal congestion in paranasal cavities, but insufficient airway clearance was not obvious, as observed in patients.
Up to now, there are no data linking human mutations in the GemC1 gene (GMNC) with disease. However, data from GemC1-deficient mice showed that GemC1 depletion causes severe growth retardation and perinatal lethality (Arbi et al. 2016 ). GemC1-knockout mice that survive develop hydrocephaly and both males and females are infertile (Terre et al. 2016) . In contrast with MCIDASdeficient cells from affected individuals and CCNO-deficient cells both from human and mice, which show reduced numbers of cilia, murine GemC1-depleted cells are completely devoid of cilia in the airway epithelium, brain ependyma, and female reproductive tract, consistent with GemC1 function as the most upstream transcriptional regulator of multiciliogenesis. Interestingly, in GemC1-deficient airways, large numbers of mucus cells are observed. This over-abundance of mucus cells is termed mucus metaplasia and is a hallmark of many airway diseases, including asthma, bronchitis, and chronic obstructive pulmonary disease. These findings highlight the GemC1 gene (GMNC) as an important candidate gene for human diseases related to centriole and cilia function and airway homeostasis.
Conclusions and perspectives
The chromosome and centrosome cycles in proliferating cells are tightly controlled, to ensure that genome and centriole duplication occurs in concert and only once per cell cycle. Common regulators have been identified, but their role in Fig. 7 Geminin family members in the chromosome and centrosome cycles. During the cell cycle, Geminin is expressed in S, G2 and the first part of the M phase, inhibiting DNA replication licensing and ensuring once-per-cell-cycle genome duplication. Geminin has also been suggested to inhibit centrosome over-duplication in cycling cells. For the establishment of the multiciliate cell fate, GemC1 and McIdas take center stage, promoting centriole amplification and switching on the gene network controlling multiciliogenesis linking the two cycles awaits elucidation. Given the multiple roles of Geminin family members during the cell cycle and differentiation, they are likely to constitute common key regulators of genome and centrosome duplication (Fig. 7) . Geminin, the founding member of the family, safeguards genome integrity through binding and inhibiting the licensing factor Cdt1. Recently, Geminin was found at centrosomes and was shown to act as a negative regulator of the centriole cycle. In addition, Geminin may negatively regulate multiciliogenesis. It acts antagonistically to McIdas and GemC1, and this can be a control mechanism that protects progenitor cells from untimely centriole amplification and differentiation towards multiciliated cells. Likewise, McIdas and GemC1 were initially characterized for their role in DNA replication while McIdas was shown to act antagonistically to Geminin during the cell cycle. A number of studies have shown that McIdas and GemC1 are master regulators of centriole amplification and the generation of multiciliated cells. Geminin family members have therefore taken center stage as key regulators of the cell cycle and multiciliogenesis. A number of aspects of the role and regulation of this fascinating family however require further study.
The role of McIdas and GemC1 in the DNA replication cycle needs to be characterized in greater detail. Depletion of GemC1 and McIdas in cycling NIH3T3 and HeLa cells, respectively, leads to S phase defects (Balestrini et al. 2010; Pefani et al. 2011 ). However, GemC1-knockout mice are born at normal ratios and without gross developmental abnormalities and exhibit specific multiciliogenesis defects, showing that cell divisions in general are unaffected (Arbi et al. 2016; Terre et al. 2016) . Similarly, patients with mutations in the MCIDAS gene show specific multiciliogenesis defects . These mutant phenotypes however are not incompatible with a cell cycle role for GemC1 and McIdas. A number of key cell cycle regulators, including as prominent examples Cdk2 and cyclin E, have been shown to be dispensable for cell divisions in mice as well as in cell culture (Geng et al. 2003; Ortega et al. 2003; Parisi et al. 2003) . Even though Cdk2/cyclin E complexes are believed to drive the cell cycle of the majority of cells under normal conditions, mutant mice exhibit specific defects in only certain cell types, while the majority of cell divisions are unaffected. The cell cycle is controlled by multiple, partly overlapping pathways, which function concomitantly in the majority of cell types and can substitute for each other, while each pathway may become essential only in certain cell types and developmental or physiological contexts. Geminin for example is essential for early embryonic divisions and mutant mice die before implantation (Gonzalez et al. 2006) . It is however dispensable in many cycling cells (Huang et al. 2015; Karamitros et al. 2010a; Karamitros et al. 2010b ), though it is generally expressed in proliferating cells (Spella et al. 2007; Wohlschlegel et al. 2002) . The main partner of Geminin during the cell cycle, Cdt1, is regulated by multiple pathways, which may substitute for Geminin in many-but not all-cell types. McIdas and GemC1 may be able to substitute for each other during the cell cycle, at least in part. Detailed studies of McIdas and GemC1 in different types of normal dividing cells will be required to shed light on their role during the cell cycle.
Similarly, the role of Geminin in multiciliogenesis must be further characterized. Geminin regulates proliferation/ differentiation decisions in a number of developmental contexts, by forming complexes with transcription factors and chromatin remodeling activities (Patmanidi et al. 2017) . This has been shown to promote lineage specification and/or to inhibit terminal differentiation in different contexts. This is loosely reminiscent of the role of GemC1 and McIdas in multiciliogenesis, where they form complexes with the transcription factors E2F4/5 to drive the multiciliogenesis transcriptional program. It appears likely that GemC1 and McIdas may have evolved as specialized regulators of differentiation towards the multiciliate cell lineage, copying some of the functions of Geminin, such as its ability to associate with transcription factors. Geminin however appears to counteract GemC1 and McIdas function during multiciliogenesis. The details of this regulation and how it may affect cell fate choices are of high interest and await further studies.
It is also still unclear how GemC1 and McIdas function at the molecular level to drive multiciliogenesis. It is well established that GemC1 and McIdas form complexes with E2F4/5 to drive the expression of a number of key genes required for multiciliogenesis. The abundance of centriole proteins in differentiating cells may be sufficient to drive multiple centriole biogenesis. E2F4 and 5 however are expressed in many cell types, where they downregulate cell cycle genes by forming transcriptional repressor complexes with Rb family members. GemC1 and McIdas may activate the E2F4/5 transcriptional potential, for example by liberating them from transcriptional repressors. How is however GemC1 and McIdas function targeted to the subset of E2F4/5 genes which drive multiciliogenesis? GemC1 and McIdas appear to lack direct DNA binding activity. It is interesting to speculate that interactions with additional transcriptional regulators may provide specificity to a subset of promoters, those of multiciliogenesis genes. Intricate positive and negative regulatory loops between Geminin family members appear at play, to ensure that the multiciliogenesis program is initiated in a timely and non-reversible manner. In that respect, it is interesting to note that GemC1 and McIdas are both essential for multiciliogenesis, though they appear to act in very similar ways. They are however regulated differently, and this may be essential for the timely execution of the multiciliogenesis program.
McIdas and GemC1 regulate centriole amplification by directing the expression of key centriolar genes. A more direct role in centriole biogenesis is however also conceivable.
Recent work suggests a direct role of the transcription factor E2F4 in centriole amplification (Mori et al. 2017) . At the early stages of multiciliogenesis, E2F4 translocates to the cytoplasm where it interacts with DEUP1 and SAS-6 and nucleates the formation of deuterosomes. As both McIdas and GemC1 form tight complexes with E2F4/5, it would be interesting to investigate a direct role of McIdas and GemC1 in centriole duplication, both during the cell cycle and during multiciliogenesis.
Is centriole amplification in multiciliated cells but a different side of the centriole duplication cycle, in which control of centriole number is bypassed? It would be interesting to investigate the role of Geminin family proteins in these two different centriole biogenesis pathways. Future work will hopefully shed light on how the involvement of Geminin family members in both the chromosome and the centrosome cycle may help in their coordination.
